Objective. The study aimed to evaluate the application of ERPs neuromarkers for the assessment and treatment of a patient with chronic crossed aphasia after severe TBI and a long-term coma. Case report. An ambidextrous female patient, aged 29, suffered from posttraumatic chronic crossed aphasia, severe TBI and a prolonged coma after a car accident. The patient took part in two differentiated rehabilitation programmes of neurotherapy included 20 sessions of relative beta training and 20 sessions of rTMS; both programmes were combined with behavioural training. The patient was tested 3 times: before the experiment, after completion of programme A, and after completion of programme B. Results. In the 1 st recording, the neuromarker of aphasia was found -an excess of the P2 wave over the left temporal area. There was a cognitive control deficit -an excess of omission errors and an increase of RT variability -all indexes of sporadic ADHD. In the 2 nd recording, slight improvements in cognitive control, and language functions were found. In the 3 rd recording, after the rTMS sessions most of her cognitive dysfunctions had been resolved, including language functions. It should be stressed that the activation (especially the increase in the ERP potential of the right side over the frontal lobe) was found. The neuromarker of aphasia did not change, only the location had slightly moved frontally. Conclusions. The application of ERP neuromarkers assists in the diagnosis, treatment, and academic success of an ambidextrous patient with chronic posttraumatic aphasia and sporadic ADHD. ERPs can be used to assess the functional brain changes induced by neurotherapeutical programmes.
INTRODUCTION
Traumatic brain injury (TBI) is a worldwide public health problem [1] . According to the WHO (2000) , by the year 2020, TBI will be the major cause of death and disability. There are an estimated 10 million people affected annually by TBI, due to which the burden of mortality and morbidity is increasing [2] . Over recent decades, improvements in acute care have resulted in higher survival rates. Unfortunately, the majority of survivors of moderate and severe TBI have chronic neurobehavioural sequelae, including cognitive deficits, and aphasia, as well as changes in personality and increased rates of psychiatric illness [3] .
In world literature on the subject there are many articles describing the initial and persistent cognitive deficits, which are the most common post-TBI complaints [4] and a major hindrance to normalization in the areas of independent living, social re-adaptation, family life, and vocational undertakings [5, 6] . Several cognitive domains are predictably impaired, including frontal executive functions (problem solving, set shifting, impulse control, self-monitoring) [7, 8] attention [9, 10] , short-term memory and learning [11, 12] , the speed of information processing [13, 14] , speech and language functions [15] [16] , and other special syndromes such as blindsight, neglect, prosopagnosia, and apraxia [15] . However, it should be noted that these are not completely independent domains, and that typically there is a mixture of deficits of varying degrees across domains [4, 8, 17] .
Aphasia it is a common complication that affects many individuals with TBI. However, aphasia treatment continues to be a hot topic among researchers. Treatment advances in aphasia are also increasing, and are not only directed at improving speech and language itself [17] . Conventional speech-language therapy for aphasia has been a feature of rehabilitation medicine for many decades. Psychological and neuropsychological aphasia consultations are more recent but established facets of ongoing patient care. Pharmacological interventions to help manage aphasia continue to be investigated, including the medications donepezil and bromocriptine. However, all those traditional therapies for functional brain recovery post-traumatic brain injury are still not satisfactory for patients with aphasia [18, 19] . Todate, the best approach seems to be intensive physical and cognitive therapy [17, 20, 21] . One of the more exciting aspects of this treatment to emerge is the extension of intervention beyond the clinical setting into real-life social environments to which the patients return to after discharge from acute hospitalization and rehabilitation. However, the results are limited and the functional gains often minimal [17, 22, 23, 24, 25, 26] . Therefore, adjunct interventions that can augment the response of the brain to the behavioural and cognitive training employed might be useful to enhance therapy-induced recovery in TBI patients. In this context, neurofeedback self-regulation and non-invasive brain stimulation appear to be options as additional interventions to standard physical therapies [23] .
Two non-invasive methods of injecting electrical currents into the brain have proved promising for inducing longlasting plastic changes within the motor systems: transcranial magnetic stimulation (TMS) [27, 28] and transcranial direct current stimulation (tDCS) [29] . These techniques represent powerful methods for priming cortical excitability for subsequent motor or cognitive training; thus, their combined use can optimize the plastic changes induced by motorcognitive practice, leading to more remarkable and longlasting clinical gains in rehabilitation [28] .
The presented study examines the effectiveness of neurotherapy for a patient with aphasia syndrome after severe TBI and a long-term coma. It was hypothesized that there would be a limited response to relative beta training, and a good response to rTMS, applied to regulate the dynamics of brain function.
According to the guidelines of the Helsinki Declaration (2008), the patient who participated in the experimental treatment was informed in detail about the test procedure, and subsequently provided written consent for participation in the project. The study protocols received ethical approval from the Ethical Committee of the Regional Medical Chamber (KB6/16).
CASE REPORT
An ambidextrous female patient, aged 29, was involved in a car accident as a consequence of which she suffered polytrauma, and remained in a prolonged coma for 2 months. She was diagnosed with severe TBI, right-side paresis and chronic posttraumatic aphasia, rendering her unable to function independently in many everyday-life situations. Post-traumatic amnesia lasted for 28 days. After awakening from the coma, she did not remember the accident nor was she able to recognize her parents and fiancé. Of note is the fact that the patient first and quickly recognized her boyfriend, reacting emotionally to him, hugging him, bursting into tears, and did not want to let him go.
After discharge from hospital, she complained of hearing loss in the right ear, something that was not confirmed in an audiogram; she was simply unable to understand speech, and was diagnosed with predominantly moderate sensory aphasia.
A brain MRI scan showed gliotic post-traumatic changes in the frontal lobes (the largest in the right hemisphere) (Fig. 1) . Along the temporal lobes, fairly numerous small haemorrhagies were found. The changes in the brain increased with time and were more prominent in 2010.
Next, a brain MRI scan showed gliotic post-traumatic changes in the frontal lobes which were more prominent than in 2010, especially in the right hemisphere, with atrophy of brain parenchyma (external porencephaly) (Fig. 2) .
Gliotic posttraumatic changes in the frontal lobes, especially in the right hemisphere, more prominent than in 2010, with atrophy of brain parenchyma (external porencephaly).
The patient was admitted to a rehabilitation centre and took part in a comprehensive programme of rehabilitation, including speech therapy. After 2 months she was referred to an outpatient rehabilitation unit and after one year of treatment she had achieved only a small improvement in motor functions and the ability to speak. The reduced ability to understand spoken language limited the patient in daily living situations. In cases of a lack of comprehension, she behaved like a small child, protesting and reacting aggressively in situations in which her parents devoted attention to her baby sister.
As time passed, the patient developed other symptoms which isolated her from friends because she did not understand social situations. For example, in situations of social confrontations she reacted aggressively; for instance, when preparing herself for a walk with a friend in winter, and having dressed herself inappropriately in a light dress, upon being asked to change her clothes she resorted to force (kicking, beating and spitting). Additionally, she developed a defence mechanism and reacted in everyday life situations by using the word 'No'. She also presented florid confabulations, describing in multicolour situations which had not happened in reality, e.g., saying that her father was a heavy drinker, which was not the case.
The patient was admitted to a reintegrative and training centre where she participated in neuropsychological diagnosis and treatment.
Neurotherapy programme. The patient took part in 2 differentiated rehabilitation programmes of neurotherapy in crossover design:
1. Programme A -administered in 2 modules: a) Module 1 -20 sessions of relative beta training, the aim of which was to activate the frontal cortex by enhancing beta activity recorded over the frontal electrodes. More precisely, the electrodes were placed at Fz and Cz for bipolar recording. The procedure increased the ratio of beta EEG power/EEG power in theta and alpha frequency bands. The beta frequency band was from 13-21 Hz, and the combined theta and alpha frequency bands were from 4 -12 Hz. Each session included approximately 20 min. of neurofeedback training [24] . b) Module 2 -20 sessions of behavioural training combined with relative beta training (the procedure is described in more detail in Pachalska, Kaczmarek & Kropotov [17] ).
Program B -administered in 2 modules: a) Module 3 -repetitive transcranial magnetic stimulation (rTMS), which is a non-invasive brain stimulation
technique that modulates cortical activity [25, 26] . During rTMS, a fluctuating magnetic field is used to induce an electrical current discharged through a coil held to the scalp over the brain region of interest. The magnetic field penetrates the scalp over this specific region of the brain. The magnetic field also penetrates the skull and induces a depolarizing electrical current in the underlying cortical surface. Repetitive strings of stimulation at a given frequency can either decrease (low frequency TMS) or enhance (high frequency TMS) the excitability of the underlying cortical areas [for review, see 16]. 20 sessions of rTMS intervention (25 repetitions) with low frequency rTMS (1 Hz) were used to reduce the excitability of the left frontal and temporal brain regions, and high frequency (5 Hz) to stimulate the right frontal and temporal brain regions. This was based on functional imaging studies of the patient's brain, suggesting that over-activation of the left frontal and temporal cortices may reduce the recovery potentials by inhibiting (perilesional) the right frontal and temporal areas. b) Module 4 -20 sessions of behavioural training combined with rTMS intervention (the procedure is described in more detail in Pachalska 2008 [14] ).
The therapy was administered by the same team of therapists. Neuropsychological testing as well as ERPs was used before the entire experiment, and after the completion of programme A and after the completion of programme B. sensory aphasia. However, the patient also had word finding problems, which was illustrated in the Boston Naming Test -Revisited. The patient named only 11 pictures out of the possible 60. After completing programme A of neurotherapy (relative beta training), she improved slightly in all the tested parameters. This concerns cognitive functions as well as language functions. After completing programme B of neurotherapy [repetitive transcranial magnetic stimulation (rTMS)], most of her cognitive dysfunctions were resolved, including language functions (Tab. 1). The results obtained by the patient were close to the norm.
After the second programme, the patient was able to succeed academically and finished college with only a little support (helping her to create and manage a colour-coded schedule of her responsibilities).
In the first recording, behaviour was fairly deviant from the average. The subject was extremely inattentive (88% of omission errors) and inconsistent in response (error of the variance of response was 35.2 ms, compared to 9.8 ms for the healthy controls of the same age). Behaviour was normalized in the second recording and remained at the same level during the third recording.
Event Related Potentials (ERPs).
Event related potentials (ERPs) were used to assess the functional changes in the patient induced by the rehabilitation programmes. This approach was used for the following reasons: 1) ERPs have a superior temporal resolution (on the order of milliseconds) among other imaging methods, such as fMRI and PET (which have a time resolution of 6 seconds and more) [21] ; 2) ERPs have been proven to be a powerful tool for detecting changes induced by neurofeedback training in children with ADHD [22, 23] ; 3) in contrast to spontaneous EEG oscillations, ERPs reflect stages of information flow within the brain [21, 22, 24] .
The diagnostic power of ERPs has been enhanced by the recent emergence of new methods of analysis, such as Independent Component Analysis (ICA) and Low Resolution Electromagnetic Tomography (LORETA) [21] .
A modification of the visual two-stimulus GO/NO GO paradigm was used (Fig. 8) . Three categories of visual stimuli were selected: 1) 20 different images of animals, referred to later as 'A'; 2) 20 different images of plants, referred to as 'P'; 3) 20 different images of people of different professions, presented together with an artificial 'novel' sound, referred to as 'H+Sound'. All visual stimuli selected were similar in size and luminosity. The randomly varying novel sounds consisted of five 20-ms fragments filled with tones of different frequencies (500, 1,000, 1,500, 2,000, and 2,500 Hz). Each time, a new combination of tones was used, while the novel sounds appeared unexpectedly (the probability of appearance being 12.5%). and 'Humans', respectively. GO trials are when A-A stimuli require the subject to press a button. NOGO trials are A-P stimuli, which require suppression of a prepared action. GO and NOGO trials represent 'Continue set' in which subjects have to prepare for action after the first stimulus presentation (A). Ignore trials are stimuli pairs beginning with a P, which require no preparation for action. Novel trials are pairs requiring no action, with presentation of a novel sound as the second stimuli. Ignore and Novel trials represent the 'Discontinue set', in which subjects do not need to prepare for action after the first stimulus presentation. Time intervals are depicted at the bottom The trials consisted of presentations of paired stimuli with inter-stimulus intervals of 1 s. The duration of stimuli was 100 ms. Four categories of trials were used (Fig. 2) : A-A, A-P, P-P, and P-(H+Sound). The trials were grouped into 4 blocks of 100 trials each. In each block, a unique set of 5 A, 5 P, and 5 H stimuli were selected. The patient practiced the task before the recording started.
The patient sat upright in an easy chair looking at a computer screen. The task was to press a button with the right hand in response to all A-A pairs as fast as possible, and to withhold pressing the button in response to other pairs: A-P, P-P, P-(H+Sound) (Fig. 1 ). According to the task design, 2 preparatory sets were distinguished: 'Continue set', in which A is presented as the first stimulus and the subject is presumed to prepare to respond; and 'Discontinue set', in which P is presented as the first stimulus, and the subject does not need to prepare to respond. In the 'Continue set', A-A pairs are referred to as 'GO trials', A-P pairs as 'NO GO trials'. Averages for response latency and response variance across the trials were calculated. Omission errors (failure to respond in GO trials) and commission errors (failure to suppress a response to NO GO trials), were also computed.
EEGs were recorded from 19 scalp sites. The electrodes were applied according to the International 10-20 system. The EEG was recorded referentially to linked ears, allowing computational re-referencing of the data (remontaging). Figure 4 shows ERPs in relation to the relevant cue (first stimulus in pairs started with the presentation of 'Animal') for the first, second and third recordings, compared to the controls). As can be seen, a large deviation from the reference (normative data of a group of healthy subject) is presented at the left temporal area. The deviation is expressed as an increase of the P1 and P2 components. The increase is accompanied by the disappearance of the N170 wave. There is a steady increase in these waves from the first to the second and third recordings. In addition to these changes at the left temporal area, a change in the right frontal area is found in the third recording. Figure 5 represents sLORETA images corresponding to peak performance amplitude of the potential recorded at the T5 electrode. As can be seen, the location of the maximum of current density remained within the Brodmann's area 39, but shifted frontally during the final recording.
DISCUSSION
In the subject literature there are a few reports dedicated to the treatment of patients with post-traumatic crossed aphasia (30, 31) . This is the case also with aphasia in the world literature, and although much attention has been devoted to the topic of crossed aphasia in dextrals (CAD) over the past century, there is still no theory to explain the anomalous organization of neurocognitive functions, although it is thought that this is a genetic issue, one connected with the handedness in this population. However, if strict selection criteria are applied, only some cases of vascular CAD are reported in which the correlation between neurocognitive disturbances and the locus of the brain lesion is observed. Mariën et al.
(31) tested in-depth neurolinguistic and neuropsychological investigations and described nine new cases of vascular CAD. They showed the semiological variability of the CAD phenomena, and the many facets of the lesion-behaviour relationships of this exceptional neurobiological condition. Even such testing is not helpful in the administration of the proper therapeutic programmes for those patients. In the presented case, the patient, who did not have effective aphasia treatment, this was to become a chronic state. Therefore, it was decided to introduce, on the basis of the application of ERPs, neuromarkers for the assessment and experimental treatment of this patient with chronic crossed aphasia after severe TBI and a long-term coma.
In the case of neurofeedback in TBI patients, quantitative electroencephalography (qEEG) patterns are assessed and then compared with a database obtained from a normative population [21] . Deviations in the qEEG patterns from the normative group form the basis for an intervention plan [25] . The deficiency of relative beta EEG activity found in the presented TBI patient prompted the suggestion of relative beta neurofeedback training for her.
In the 1 st recording, before the experiment, the neuromarker of aphasia -excess P2 wave was found that over the left temporal area, which can be explained by an increase in the sensitivity of neurons near the area of the cortical damage. This phenomenon, in turn, can be attributed to an increase in excitatory post-synaptic potentials, and the removal of inhibition from the neurons located near the infarct.
Additionally, there was the patient's cognitive control deficit -the excess of omission errors and increase of RT variability -all indexes of ADHD. The decision was made to make a protocol to improve the cognitive control by the relative beta neurofeedback. This methodology was effective and, after the neurofeedback sessions, in the 2 nd recording, the largest improvements in cognitive control were found. An improvement was also observed in her behaviour. However, there was still a lot of agramatism in the frontal syndrome which was not beneficial for her daily functioning, and resulted in the decision to activate the right hemisphere by rTMS (5 Hz), and to inhibit the left hemisphere (1 Hz).
After the rTMS sessions, the neuromarker of aphasia did not change, only the location slightly moved frontally, but activation (an increase in the ERP) was observed over the right frontal lobe. It appears that this method helps to obtain a big improvement in aphasia behaviourally. This could be interpreted as a compensatory role of the right frontal cortex.
The patient's training was intended to activate the hypofunctioning frontal lobes by means of self-regulation, using the EEG neurofeedback parameter (the relative beta EEG power) as an index of hypofrontality. It should be stressed here that neurofeedback alone did not have any significant effect on either the neuropsychological or neurophysiological parameters of the brain functioning in this patient, as reflected in the neuropsychological and neurophysiological parameters recorded after 20 sessions of neurofeedback.
Two non-invasive methods of injecting electrical currents into the brain have proved to be promising for inducing long-lasting plastic changes in the motor systems. They are transcranial magnetic stimulation (TMS) [32 -35] and transcranial direct current stimulation (tDCS) [29] . These techniques represent powerful methods for priming cortical excitability in subsequent motor or cognitive training. Thus, their combined use can optimize the plastic changes induced by motor-cognitive practice, leading to more remarkable and long-lasting clinical gains in rehabilitation [28] .
TMS is delivered to the brain by passing a strong yet brief electrical current through an insulated wire coil placed on the skull. The current generates a transient magnetic field which, in turn, induces a secondary current in the brain that is capable of depolarising neurons [27] . Depending on the frequency and duration of the stimulation, the shape of the coil and the strength of the magnetic field, TMS can stimulate or suppress activity in the cortical regions [28] .
tDCS delivers weak polarizing direct currents to the cortex via 2 electrodes placed on the scalp: an active electrode is placed on the site overlying the cortical target, and a reference electrode is usually placed over the contralateral supraorbital or mastoid area. tDCS acts by inducing sustained changes in the neural cell membrane potential -cathodal tDCS leads to brain hyperpolarization (inhibition), whereas anodal results in brain depolarization (excitation) [29] .
TMS and tDCS employ different mechanisms of actions on the brain, with TMS acting as a neuro-stimulator and tDCS as a neuro-modulator. TMS has better spatial and temporal resolution, and its protocols are better established. tDCS has the advantage of being easier to use in double-blind or sham-controlled studies and easier to apply concurrently with behavioural tasks [29] . Despite their differences, both TMS and tDCS can induce long-term after-effects on cortical excitability that can last for months [31, 32] . These long-term after-effects are believed to engage the mechanisms of neural plasticity, making these techniques ideally suited in the rehabilitation of strokes and TBI [33] .
In presented case, in programme A, relative beta training was applied, according to recent findings in the subject literature [26, 34] , although it proved to be ineffective. The patient's attention did not improve which, generally, is a bad sign for recovery [35] [36] [37] [38] [39] . In programme B, however, rTMS was applied in order to activate the hypofunctioning areas of the frontal lobe. Ten sessions of rTMS appeared to produce clinically significant changes within the neuropsychological parameters, as well as statistically reliable changes in the physiological parameters of brain functioning. tDCS was not used, but on the basis of the subject literature, it can be suggested that a combination of brain stimulation techniques, such as TMS and tDCS, might have beneficial consequences for TBI patients.
CONCLUSIONS
The rTMS program produced greater physiological and behavioural changes than relative beta training in a patient with TBI and aphasia syndrome. A combination of different neurotherapeutical approaches (such as neurofeedback, rTMS, tDCS) can be suggested for similar severe cases with TBI and aphasia syndrome. ERPs can be used to assess the functional brain changes induced by neurotherapeutical programmes.
